Within the last two decades dispersive dielectric multilayer mirrors (DMs), also known as chirped mirrors (CMs), have played a significant role in the progress of ultrafast science. Their ability to manipulate the phase of a light pulse has advanced the synthesis of intense femtosecond optical pulses followed by remarkable progress in the disciplines of nonlinear optics. Meanwhile, the performance of the mirrors themselves has been strictly limited to the linear regime, as essential mirror characteristics such as reflectance, transmittance, and dispersion are evaluated with only intensityindependent values of refractive indices and extinction coefficients taken into the design formalism. Here, we report, to the best of our knowledge, the first observation of a strong nonlinear response of the DMs. We have found that the DM's multilayer stack causes very significant enhancement of the internal electric field that becomes sufficient to enable third-order nonlinearity. Remarkably, in our particular case, the response is solely emerging in the form of nonlinear absorbance. By modifying the multilayer structure of the mirror, we gained control over observed nonlinearity and were able to predict and to some extent to tune the magnitude of the response, without perturbing the dispersive properties of the DMs. This demonstration not only expands the functionality of DMs into the nonlinear domain, but also marks a new approach to the development of multilayer coatings for applications in ultrafast science.
INTRODUCTION
The vast progress of ultrafast optics has permitted the generation of light pulses confined to few-cycles of the oscillating electric and magnetic fields [1, 2] . One of the key technologies empowering these few-cycle systems is the utilization of DMs [3] [4] [5] [6] . The term dielectric multilayer mirror (DM) generally refers to a multilayer dielectric thin-film coating capable of introducing a chosen, engineered group delay (GD).
Due to the extreme temporal and spatial confinement of the generated few-cycle pulses, laser systems with moderate average powers yield pulse peak intensities on the target in the order of petawatts (10 15 W), thus allowing us to enter the strong-field regime of nonlinear optics [7] . The ongoing development of broadband optical parametric amplifiers (OPAs) holds promise for further scaling of achievable peak intensities [8, 9] . While experiment is exposed to the petawatt level intensities, the optics of the delivering systems is driven in the terawatt (10 12 W) regime, a regime at which the response is dominated by low order bound electronic nonlinearities such as the second-and thirdorder processes, consequently making it a perturbative regime [7] . The appearance of nonlinearities in bulk components such as lenses and windows is well recognized and addressed in the literature; however, the performance of the thin-film coatings, and DMs in particular, has hitherto been considered in the linear domain only.
In this paper we report on the first observation, to the best of our knowledge, of a nonlinear response of the dielectric DMs. We have found that the complicated interference pattern within the DMs' multilayer stack causes a certain distribution of the electric field inside the coating that gives rise to a very significant enhancement of the internal electric field. It is known that multilayer structures such as Bragg reflectors or resonant cavities and quantum wells are capable of enhancing the nonlinear response [10] [11] [12] ; however, even then the materials with relatively large nonlinear refractive indices, mostly semiconductors and polymers [13] [14] [15] [16] , are used in order to achieve reasonable scale of nonlinearity. In our case the enhancement becomes sufficient to trigger third-order nonlinear optical processes in the dielectric materials of the multilayer that have orders of magnitude smaller nonlinear coefficients than common semiconductors/polymers [17, 18] , which indicates the significance of the enhancement factor.
We have also found that in our case two-photon absorption (2PA) strongly dominates the observed nonlinearity, as the nonlinear response of the DMs emerges in the form of nonlinear absorbance, while the appearance of the optical Kerr effectsecond manifestation of third-order nonlinearity-is not evident.
Despite the fact that at first sight the observed nonlinearity appears to be unwanted only, as it impairs the performance of the ultrafast system, the authors see attractive and worthwhile applications, which will be discussed later.
Based on experimental data, we have developed a theoretical model that allows estimation of the coefficient of 2PA and consequently prediction and to some extent tuning of the intensitydependent absorbance of the coating. This gives us not only an opportunity to reestablish the mirrors' operation, but also a key for expanding the DM functionality into the nonlinear domain as well as for exploitation of DM as a new kind of nonlinear element suitable for advanced photonic applications.
RESULTS

A. Experiment
In our experiments we used intense sub-40-fs laser pulses, carried at central wavelength, λ L , 400 nm to investigate the reflectance of a series of dispersive DMs, here and further denoted as Mx-series. The light source is an intense s-polarized frequency-doubled output from a commercially available chirped pulse two-stage, multi-pass Ti:sapphire amplifier. Second harmonic generation is realized in a thin BBO crystal yielding ∼40 fs upchirped pulses at the average power of 3 W at 3 kHz repetition rate. Stepwise attenuation of the light source power can be realized gradually down to 0.5 W without compromising the temporal and spectral characteristics of the pulses by modulating the radio frequency signal power inside the Dazzler [19, 20] . With the implementation of the gentle focusing scheme, we were able to gradually adjust the incident peak intensity, I p , in the range from ∼3 · 10 9 W∕cm 2 to ∼2 · 10 12 W∕cm 2 . This intensity range was chosen as it covers the desired working range of the described mirrors, which spans from 10 10 to 10 11 W∕cm 2 . Damage of the tested samples at intensities above 3.5 × 10 11 W∕cm 2 prevented data collection at higher intensities.
The mirrors of the Mx-series were designed for the wavelength range from 380 to 420 nm, though they differed by the value of the introduced GD ranging from 25 fs (mirror M3) to 100 fs (mirror M2) [ Fig. 1(a) ]. The mirrors were produced out of a Ta 2 O 5 ∕SiO 2 material pair; Ta 2 O 5 was used as the high-index material, whereas SiO 2 was the low-index material. Both materials are most commonly used for the production of coatings in the visible (VIS) spectral range, as the band gaps of Ta We observed that the DMs had an intensity-dependent reflectance; i.e., the reflectance of the DM decreased with an increase of the incident intensity [ Fig. 1(b) ]. The observed effect was reversible; i.e., if the incident intensity was decreased, the reflectance instantly rolled back to previously recorded higher values (Fig. 2) .
Obtained reflectance curves for the DMs of the series Mx are presented in Fig. 1(b) . The plots of Figs. 1(a) and 1(b) show a Research Article clear dependence of the reflectance on the absolute value of the introduced GD. The smaller the absolute value of introduced GD per reflection, the less pronounced the effect. For instance, the nonlinear response of the mirror M3, introducing the least GD, is significantly weaker than the responses of mirrors M1 and M2, introducing 80 and 100 fs GD, respectively. Furthermore, we tested a quarter-wave high reflector (QWHR) mirror, produced out of the same material pair, that introduces virtually zero dispersion in the spectral range of interest, and did not observe any evidence of nonlinear behavior [ Fig. 1(b) ]. These observations can be interpreted if one considers the structure of the dielectric mirrors. As most DMs operate on the penetration effect [3] as a basic principle, a certain minimal optical thickness of the coating needs to be reached in order to introduce the desired value of GD [24] . The higher the desired value of GD, the thicker the coating and thus the deeper the electric field penetrates into the multilayer, involving more of the coating material into the interaction. In addition to the penetration effect the presence of resonant cavities [25] creates "hot regions" inside the stack where the electric field is strongly enhanced. Both effects together result in a complicated distribution of electric field within the stack [ In general nonlinearity of optical media can be described by intensity-dependent variations of the complex dielectric constant, or the complex refractive index. In particular, variations of the real part of the complex refractive index are related to Kerr-type nonlinearity. Variations of the imaginary part of the complex refractive index (extinction coefficient) are related to the 2PA and can be described as an increase of the extinction coefficient proportionally to the electric field intensity. The appearance of 2PA absorption causes a noticeable increase of the losses, as the energy is converted to heat, while the optical Kerr effect induces a change of the refractive index and thus modifies the spectral phase. It is illustrated in Fig. 4 , representing the group delay dispersion (GDD) characteristic of mirror M1. (For illustration purposes the change in GDD induced by the Kerr effect was simulated using nonlinear refractive index Δn at 800 nm [17] .)
We performed thermal tests, where the surface temperature of the irradiated mirrors was directly measured by a thermal camera, and compared the data obtained for the DM M1 and the QWHR produced out of the same materials (Fig. 5) . The measurements showed that the surface of the DM warmed up significantly more than that of the QWHR. This significantly verified 2PA to be a leading cause in our experiments.
As 2PA is believed to give the predominant contribution to the appearance of the optical Kerr effect [26] , the appearance of strong 2PA should be accompanied by the presence of nonzero nonlinear refractive index n 2 . Still the transmittance of the coating has not evidently changed in all the intensity range, staying well within the error of the measurements [ Fig. 1(b) ]. This observation appears to be rather peculiar. However, the results of [26] [27] [28] demonstrate that there is a region in the range of photon energies, E p , between the direct band gap, E g , and the 2PA edge, 0.5E g , where the nonlinear refractive index is nearly vanishing. This region corresponds to E p ∼ 0.75E g . As the band gap of Ta 2 O 5 deposited by the magnetron sputtering technique is an average in the range of 4.2 eV and our spectrum covers the region from 380 to 420 nm, E p in our experiment fits quite well into the predicted range, where the n 2 is nearly vanishing. This fully explains the lack of noticeable changes in n 2 .
As we have concluded that the nonlinear refractive index does not experience significant changes, the dispersive properties of the DM should not be affected, only the losses. Thus it is feasible to design a photonic device that demonstrates strong ultrafast nonlinear response to irradiance, while preserving its dispersive characteristics and thus the temporal profile of the reflected pulse. For the realization of the suggested device it is of primary importance to be capable of predicting and possibly tuning the strength of the nonlinear response-in our case, the strength of 2PA. Following the conclusion that 2PA is the main cause of observed nonlinearity, we have developed a model that allows quantitative and qualitative simulation of the 2PA in thin-film coatings and its subsequent applications.
B. Model
We simulated 2PA in multilayer mirrors as an induced extinction coefficient proportional to the squared electric field amplitude modulus, χz βjEzj 2 , where z is the coordinate along the mirrors' cross section. Due to the fact that the band gap of SiO 2 is significantly wider than the band gap of Ta 2 O 5 , we considered an induced extinction coefficient in Ta 2 O 5 layers only. While ideally one has to perform this nonlinear interaction step in the time domain, we found that in the case of slowly varying pulses containing ≥30 full optical cycles, the pulses are long enough so that the treatment in the frequency domain can be utilized. Our sub-40-fs pulses centered at 400 nm are ideal for the implementation of such a model. Moreover, consideration in the frequency domain also provides a substantial boost in computational efficiency inheriting successful software packages in the multilayer design [29] .
Although the values derived from our implementation, as a consequence of the above consideration, are tightened to our specific laser pulses, the approach to the treatment of 2PA in terms of the induced extinction coefficient, which is suggested here, is universal and can be applied to virtually all possible cases.
Specifically, similar to [30] , pp. 4-11, the initial system of Maxwell equations describing the interaction of s-polarized light with the multilayer mirror can be reduced to a boundary-value problem for a system of two nonlinear ordinary differential equations:
Here k 2π∕λ ω∕c is the wavenumber, uz and νz are the tangential amplitudes of the electric and magnetic fields, respectively, and nz is the refractive index profile describing the mirror structure. The coordinate z 0 corresponds to the boundary between the coating and the substrate, and the coordinate z z a corresponds to the boundary between the coating and the ambient medium. Parameters α and q s , q a are defined as α n a sin θ, q s;a n 2 s;a − α 2 1∕2 , where n s and n a are the refractive indices of the substrate and the ambient medium, θ is the angle of incidence, and E a is the amplitude of the electric field. The reflectance can be determined as a ratio of the reflected wave intensity to the intensity of the incident wave, which leads to Rk; E a q a uz a ; k − νz a ; k q a uz a ; k νz a ; k
Note that due to the nonlinearity of Eqs. (1) the reflectance is dependent on the incident wave amplitude. Since Eq. (2) is invariant with respect to multiplication of u, ν, and E a by expiϕ, it is sufficient to study the dependence of Rk; E a on the real valued E a parameter. The dependence of the simulated reflectance Eq. (2) for the mirror M2 versus the intensity of the incident light is shown in Fig. 6 for β 10
. All dependencies are represented with respect to arbitrary intensity. The solid blue curve in Fig. 6 represents the reflectance at the wavelength 400 nm. The reflectance drop is noticeably dependent on the wavelength: the dashed-magenta and the dashed-green curves represent the reflectance at 410 and 390 nm, respectively.
We consider irradiating pulses with spectral distribution having full width at half-maximum (FWHM) of 14 nm around the central wavelength of 400 nm. For relatively long and/or significantly chirped pulses with slowly varying amplitude the model Eqs. (1) and (2) remain valid with sufficient accuracy. In order to take into account the fact that different spectral components of the pulse have different intensities, and as a result have different reflectance due to 2PA nonlinearity, we introduce effective reflectance corresponding to the specified pulse. As the drop of input intensity for wavelengths deviating from the central wavelength of 400 nm obviously leads to a corresponding increase of the reflectance, the effective reflectance is higher than the reflectance at the central wavelength, where the intensity of the incident light possesses a maximum value. For simplicity we assumed the spectral distribution of intensity having a Gaussian shape,
where Δ in Eq. (3) is defined by the FWHM of the pulse spectrum and for k 0 2π25000 cm −1 , corresponding to the central wavelength of 400 nm, is equal to 2π371 cm −1 . The resulting effective reflectance can be obtained as
where we additionally assumed that E a is equal to the square root of the dimensionless incident light intensity: E a ffiffiffiffiffiffiffiffiffiffi I a k p . The black curve in Fig. 6 corresponds to the effective reflectance Eq. (4). Due to the essentially nonlinear origin of the 2PA phenomenon, the effective reflectance does not belong to the area between reflectance curves for 390 and 410 nm. Even more, because of spectral integration the decrease of the reflectance is less pronounced and it occurs at higher values of the incident light intensities compared to monochromatic cases. Note that in Fig. 6 the integrated reflectance is higher than the reflectance at 390, 400, or 410 nm when the arbitrary light intensity is higher than 10 4 . For comparison we also presented the effective reflectance of a 35-layer quarter-wave mirror for the central wavelength of 400 nm. This quarter-wave mirror almost does not exhibit any noticeable decrease of the reflectance at the same levels of the incident light. To better illustrate the physical mechanism of the induced extinction coefficient influence on the resulting reflectance values we calculated its profiles for the wavelengths of 390, 400, and 410 nm (Fig. 7) . The profile for the wavelength of 400 nm was calculated for the intensity providing 20% reflectance. This intensity is equal to ≈4.2 · 10 3 arb.u. (Fig. 6) . Two other profiles for the wavelengths of 390 and 410 nm were calculated for the same intensity level that resulted in reflectance values equal to 0.314 and 0.071, respectively. One can clearly see the correlation between the penetration depth of the induced extinction coefficient and the value of the reflectance.
Since the reflectance Rk; E a Eq. (2) is obviously independent with respect to scaling of u and ν by a factor of G and a simultaneous decrease of β by the factor of G 2 , the obtained results can help to estimate the value of β by fitting the experimental data. At low intensities mirrors are illuminated with a collimated beam, while at high intensities, where the focusing scheme is implemented, the iris is used to select the most intense part of the beam; therefore it is possible to assume a flat-top spatial distribution across the beam spot. In this case the electric field [ Fig. 8(a) ], and as a result the estimate of β in SI units is
The obtained value of the 2PA coefficient seems to be rather high; yet the authors were not able to find the 2PA numerical value in the literature. We can compare the 2PA value with other oxides. For this purpose it is necessary to convert the obtained value to one more appropriate for 2PA measurement: Fig. 6 . Simulated intensity-dependent reflectance of the mirror M2 at different wavelengths. Blue, dashed-magenta, and dashed-green curves are reflectance at 400, 410, and 390 nm, respectively. Black curve is the effective reflectance integrated with respect to Gaussian spectrum with the center at 400 nm. For comparison the effective reflectance of a 35-layer quarter-wave mirror with central wavelength of 400 nm is also shown (red curve). Top x scale is relevant peak intensity in SI units calculated via multiplication of peak intensity in arb.u. by G 2 3.2 0.3 · 10 7 fitting factor. ] . It is also necessary to take into account that literature data are mainly related to bulk materials, while the optical properties of thinfilm materials may significantly differ from the bulk ones. To cross-check the obtained value, we compared the theoretical reflectance of the mirror M1, predicted with the same value of β taken into account, to the experimental data [magenta and blue curves in Fig. 8(a) ]. The results demonstrated a convincing correspondence.
In order to confirm that it is the enhancement that plays the major role in the observed nonlinearity, we additionally estimated the theoretical transmittance of a single layer of Ta 2 O 5 . A single layer has optical thickness equal to the sum the optical thickness of all H-index layers (SHOT) contained in the M2 mirror stack in Fig. 1(a) , and is either free standing or deposited on the fused silica substrate, identical to the mirrors' substrates. The obtained curve [ Fig. 8(a) ] indicates that enhancement of the internal field reached in DM is indeed of major importance, as the reflectance drop of the single layer is significantly less than those simulated and measured for DMs M1 and M2.
IMPLICATIONS
The nonlinear absorbance of the coating can be tailored, if along with the coefficient of the linear absorbance, α, the nonlinear extinction coefficient β is taken into account and implemented into the already adopted DM design approaches [33] [34] [35] . However, design optimization will require multiple solutions of nonlinear problems and is rather time-consuming for conventional calculations. As a simpler approach, we have estimated the effective induced nonlinear absorption at the highest level of working intensity and introduced linear absorbance of a similar value in high-index layers. This allowed us to develop a new series of 2PA-optimized DMs using conventional multilayer design techniques.
As in this particular case, we were interested in developing a device with dispersion characteristics similar to M1, while achieving the highest possible reflectance, the new 2PA-optimized design targeted minimization of the 2PA. The detailed data of the new mirror, MM1, are summarized in Fig. 1(a) . Comparison of the nonoptimized and 2PA-optimized designs reveals major differences. The 2PA-optimized design not only contains less high-index material, but the material is also distributed differently. While in the nonoptimized designs high-index material is distributed homogeneously, with a significant part of it concentrated in the upper layers of the structure where the electric field is strong [ Figs. 1(a), 3(a), and 8(b) ], in the 2PA-optimized design only a small fraction of high-index material is localized in the upper layers [ Figs. 1(a) and 8(c) ]. Therefore less of the high-index material is involved into interaction, and, consequently, the influence of the 2PA becomes less pronounced.
Measured reflectance data of the modified design MM1 [ Fig. 8(a) ] revealed a significant improvement in the performance of the new DM in comparison to mirror M1. Its effective reflectance is higher, and it is less dependent on the incident intensity in the working range of interest. We have also performed transient-grating frequency-resolved optical gating (TG FROG) [36] measurement confirming preservation of the dispersive properties of the MM1 mirror. As the reconstructed pulse duration stayed constant even at the highest incident intensities ( Fig. 9) , we can conclude that the dispersion properties of the MM1 device are unaffected in all the working range.
The thermal performance has also been verified and also showed noticeable improvement (Fig. 10) . The modified design warms up less. Overall, the measured data are in close agreement with the theoretical prediction [ Fig. 8(a) ], indicating the validity of the developed model and the reliability of the obtained value of β.
DISCUSSION
The very strong enhancement of the material nonlinearities in the structure of DM is a novel observation. In general, the third-order nonlinear processes are of high importance for ultrafast optics. The particular manifestation that is of most interest is the optical Kerr effect, which might be used for passive mode locking. Currently, passive mode locking is being realized via implementation of semiconductor saturable absorbers [37] [38] [39] or a semiconductor saturable Bragg reflector with single/multiple quantum wells [40, 41] . Unlike saturable-absorber mode locking, passive Kerreffect mode locking, which is intrinsically not based on saturation effects, should not impose any absorption recovery-time restrictions on minimum pulse duration, thus potentially becoming an attractive alternative for saturable absorbers. Unluckily, advances in this direction are restrained by the mediocre magnitudes on the nonlinear refractive indices of most commonly used materials; thus it becomes challenging to reach the needed reflection modulation depth. There have been attempts to design Kerr-effect-based devices to start passive mode locking, namely in the work of Schirmer and Gaeta [42] , but successful experimental realization is yet to be demonstrated. In this respect observed enhancement of the thirdorder signals might be useful for further advances in this direction.
Meanwhile, the ultrafast [43] character of nonlinear response added to the possibility to strongly enhance the nonlinearity while keeping control on dispersion already opens the potential for implementation of DMs as a new kind of nonlinear element vital for ultrafast applications.
Due to their fast response time, simplicity, compactness, and low cost 2PA absorbers are attractive media for applications in passive all-optical limiting schemes [43] and were successfully exploited in ms to ps laser systems [44, 45] . However, when it comes to the ultrafast applications, not only the speed of the limiter, but also its dispersive properties, are becoming a concern, as the appearance of nonlinear phase shift associated with the optical Kerr effect might perturb the temporal-spectral-spatial profile of the ultrafast pulse. Therefore, preservation of the dispersive properties of the limiter during the operation is of major importance. Usage of 2PA DM allows us to circumvent the latter problem, as the mirror preserves its dispersive properties within all the working range.
2PA bulk absorbers are also a typical media for 2PA autocorrelators [46, 47] for measurement of UV femtosecond pulses. Unfortunately, they suffer from low signals and dispersion of the active media that puts a restriction on to the minimum measurable pulse duration. Therefore, implementation of 2PA DMs, offering the ability to strongly enhance the nonlinear absorption, potentially improves the signal-to-noise ratio, while simultaneously providing dispersion compensation for the material of the 2PA autocorrelator, thus expanding the capabilities for measuring weak few-femtosecond long pulses [48] .
CONCLUSIONS
In summary, we have explored the nonlinear response of dielectric DMs. It was found that the cause of the discovered effect is the appearance of third-order nonlinear processes, triggered by very strong enhancement of the internal electric field, which occurs due to the complicated interference in the dispersive multilayer coating. 2PA dominates the response, as the nonlinearity manifests itself in the form of nonlinear absorptance. Despite the strong 2PA, there were no noticeable changes of refractive index of the layer materials, due to correspondence of the E p to ∼0.72∕0.74E g , the region where the nonlinear refractive index is in the vicinity of zero. A theoretical model that allows the estimation of the 2PA coefficient and thus prediction and to some extent engineering of the intensity-dependent behavior of any multilayer coating has been developed. In the greater outlook, the observed effect gives a new perspective for the exploitation of third-order nonlinearities for advanced ultrafast photonic applications. In the current state, the ultrafast character of the Research Article explored nonlinearity, the ability to manipulate the strength of the nonlinear response, and the capabilities for dispersion control allow the implementation of DMs as new class of nonlinear components suited for a range of photonic devices. The areas that profit immediately are ultrafast passive all-optical limiting of intense few-cycle laser systems and 2PA autocorrelation measurements of UV femtosecond pulses.
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